Introduction
============

Colorectal cancer is the third most common cancer and also the second leading cause of cancer-related death in the USA.[@b1-ott-8-3185] There have been great achievements in targeted therapy against metastatic colorectal cancer (mCRC) in recent years. According to many large clinical studies,[@b2-ott-8-3185],[@b3-ott-8-3185] anti-VEGF or anti-EGFR monoclonal antibody (MoAb) was well accepted as efficient therapy in combination with oxaliplatin or irinotecan-based chemotherapy against mCRC[@b4-ott-8-3185] in first- or second-line settings.

Personalized prognosis[@b5-ott-8-3185],[@b6-ott-8-3185] and personalized targeted therapy[@b7-ott-8-3185]--[@b9-ott-8-3185] based on innovate biomarkers have been emphasized during recent years, which might bring survival benefits to cancer patients. Two EGFR-related pathways, RAS--RAF--MAPK and PI3K--AKT--mTOR, were closely related to cell proliferation, metastasis, and development of colorectal cancer. Recently, changes in these pathways were also linked to anti-EGFR MoAb resistance.[@b10-ott-8-3185] It was reported that mutations in KRAS, BRAF, and PIK3CA were associated with anti-EGFR MoAb resistance, and testing for these mutations was a potentially cost-effective way to improve survival in mCRC patients.[@b11-ott-8-3185],[@b12-ott-8-3185] Of note, the mammalian target of rapamycin (mTOR) has been shown to be overactive in a series of human cancers and is emerging as potential target for drug development. However, the inhibition of mTOR complex 1 (mTORC1) by the first-generation mTOR inhibitor rapamycin was incomplete. The increased mTOR complex 2 activity and the suppression of the negative-feedback loop to IR/IRS and PI3K following mTORC1 targeting were the major reasons for failure of mTORC1 inhibitors.[@b13-ott-8-3185] After that, the emergence of next-generation mTOR inhibitors achieved exciting treatment efficacy against colorectal carcinomas in vitro, and it was interesting to observe the inhibited growth of colorectal cancer stem-like cells (CSCs) by the treatment of PP242 from the previous studies.[@b14-ott-8-3185] On the other hand, although PP242 was capable of inhibiting both mTORC1 and mTOR complex 2, the efficacy was also demonstrated to be transient, which was caused by the positive-feedback loop to EGFR.[@b15-ott-8-3185]

Collecting the results of the previous studies earlier, we hypothesized that it would be extremely effective against wild-type KRAS colorectal cancer with the adoption of combination treatment of anti-EGFR MoAb cetuximab (CTX) and next-generation mTOR inhibitor PP242.

Materials and methods
=====================

Cell line and targeted agents
-----------------------------

Caco-2 and HT-29, commonly used wild-type KRAS human colorectal cancer cell lines, were purchased from American Type Culture Collection (ATCC), Manassas, VA, USA. Second-generation mTOR inhibitor PP242 (Selleck Chemicals) was dissolved to stock dose with DMSO and stored at −80°C. CTX was kindly provided by EMD Millipore (Billerica, MA, USA) and was stored at −20°C.

Cell viability assay and assessment of combination index
--------------------------------------------------------

Cells were seeded and cultured in 96-well plates at the density of 5,000 cells per well in 100 μL of growth medium. Cells were treated or untreated with different doses of CTX and PP242 alone or in combination for 96 hours, then the plates were incubated at 37°C for 4 hours with 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT). Lastly, the MTT was replaced by DMSO, and the cell viability was measured at 405 nm wavelength with a microplate reader. The mode of interaction between CTX and PP242 could be analyzed by the Chou and Talalay method as indicated by previous studies.[@b16-ott-8-3185]

In order to assess whether the interactions between CTX and PP242 were synergistic, additive, or antagonistic, combination indexes (CIs) were calculated as follows: $$\begin{matrix}
{\text{CI} = \left\lbrack {C_{\text{CTX}}(\text{incombination}),X\%\ \text{effect}/C_{\text{CTX}}(\text{alone}),} \right.} \\
{\left. X\%\ \text{effect} \right\rbrack + \left\lbrack {C_{\text{PP}242}\ (\text{incombination}),\ X\%\ \text{effect}/} \right.} \\
\left. {C_{\text{CPP}242}(\text{alone}),\ X\%\ \text{effect}} \right\rbrack \\
\end{matrix}$$where C is the drug concentration, by which cells can be inhibited at X% effect. CI is the combination index. CI \<1 indicates synergistic effect; CI =1 reflects addictive effect; and CI \>1 suggests antagonistic effect.

Flow cytometry analysis
-----------------------

For the CD44 detection assay, cells were incubated with anti-CD44 phycoerythrin (eBioscience, San Diego, CA, USA) after being treated or untreated with CTX and PP242, alone or in combination. Immunoglobulin G-phycoerythrin was used as an isotype control. After that, CD44-positive cells were measured according to the manufacturer's instructions. CD44-positive cells in the control group (without any treatment) were selected by fluorescence-activated cell sorting (FACS) for the use of CSC sphere formation.

Sphere formation assay
----------------------

CD44-positive cells were selected by FACS. Then, they were suspended in serum-free DMEM/F12 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 20 ng/mL basic fibroblast growth factor (PeproTech, NJ, USA), 20 ng/mL epidermal growth factor (EGF) (PeproTech), 2% B-27 supplement (Thermo Fisher Scientific), 20 mmol/L HEPES, 100 units/mL penicillin (Thermo Fisher Scientific), and 100 μg/mL streptomycin (Thermo Fisher Scientific) at a density of 10^4^ cells per well in ultralow attachment six-well plates (Corning Incorporated, Corning, NY, USA). Sphere formation was observed and images were captured using ZEISS observer A1.

Colony formation assay
----------------------

A destiny of 600 cells per well were plated in six-well plates. The cells were treated or untreated with CTX and PP242, alone or in combination. The culture medium was replaced every 3 days with fresh medium containing PP242 and/or CTX. Medium was removed and cell colonies were stained with 0.5% crystal violet solution after 14 days.

Transwell assay
---------------

For transwell assay, cells were seeded and plated into the upper chambers of the 24-transwell Boyden chamber wells (Costar, Bedford, MA, USA). Cells that migrated into the lower surface were fixed and stained with 0.1% crystal violet after being treated or untreated with CTX and PP242, alone or in combination for 24 hours. The number of migrated cells in five random microscopic fields per chamber was countered under a light microscope.

Mouse xenograft model and treatments
------------------------------------

Caco-2 cells were injected into the axillary regions of 6-week old female athymic (nu/nu) mice. All animal studies were performed in compliance with guidelines set by the Animal Care Committee at Drum Hospital, Nanjing, People's Republic of China. When tumors reached approximately 150--200 mm^3^, sthe mice were randomly assigned into four groups: the first group was treated with saline (control), the second group was treated with PP242 (50 mg/kg), the third group was treated with the CTX 20 mg/kg, and the fourth group were treated with PP242 plus CTX. Treatments were given twice weekly. Tumor volumes and the body weight were measured once every day and calculated based on the following formula: $$V = 4/3 \times \pi \times \left( {\text{length}/2 \times \left\lbrack {\text{width}/2} \right\rbrack^{2}} \right)$$

Statistical analysis
--------------------

Statistical analyses were performed by GraphPad Prism version 5.01 software for Windows (GraphPad Software, Inc., La Jolla, CA, USA). Categorical variables were examined by Fisher's exact test. The differences in the means between two groups were analyzed with two-tailed unpaired Student's *t*-test and two-way analysis of variance. Results were considered to be statistically significant at *P*\<0.05.

Results
=======

PP242 and CTX did have synergetic effect on cell survival
---------------------------------------------------------

Caco-2 and HT-29 cells were treated with different concentrations of PP242 and CTX, alone or in combination for 24 hours. The inhibition ratio of the combination therapy was distinguished from either single agent for Caco-2 cells (PP242 plus CTX vs PP242, *P*=0.013; PP242 plus CTX vs CTX, *P*\<0.01) but was only distinguished from the PP242 group for HT-29 cells (*P*\<0.01) ([Figure 1](#f1-ott-8-3185){ref-type="fig"}). The CI value ([Table 1](#t1-ott-8-3185){ref-type="table"}) according to the results of MTT assay was higher than 1 at some lower doses of PP242 and CTX (Caco-2 cells, PP242: 50--100 nM CTX: 0.01--0.1 μg/mL; HT-29 cells, PP242: 50 nM CTX: 0.01 μg/mL), but was less than 1 across most concentrations, indicating a strong synergistic inhibitory effect on cell viability across most concentrations except some lower doses.

Effect of combined CTX and PP242 on cancer invasiveness and the formation of colonies
-------------------------------------------------------------------------------------

As seen in [Figure 2A and B](#f2-ott-8-3185){ref-type="fig"}, the ability of colonial formation was significantly inhibited by the combination treatment (CTX: 20 μg/mL; PP242: 1,000 nM), surpassing the inhibitory efficacy of CTX or PP242 alone. Compared with single agent, the ability of cancer invasion was also further inhibited when PP242 and CTX was used concomitantly according to transwell assay ([Figure 2C and D](#f2-ott-8-3185){ref-type="fig"}). Taken together, it was obvious that blocks of both EGFR and mTOR kinase activity could synergistically inhibit the proliferation and invasiveness of wild-type KRAS colorectal cancer cells.

Combination of CTX and PP242 synergistically suppressed colorectal CSCs
-----------------------------------------------------------------------

To determine the efficacy of the combination therapy against CSCs, we first treated adhered Caco-2 cells with PP242 and CTX, alone or in combination. The percentage of CD44-positive cells, which is a well-recognized biomarker of CSCs,[@b17-ott-8-3185]--[@b19-ott-8-3185] was found to be significantly decreased under the treatment of the combination therapy for 24 hours compared with single PP242 and the control group according to the results of FACS ([Figure 3A and B](#f3-ott-8-3185){ref-type="fig"}). In addition, CD44^+^ CSC spheres that hold the stemness of tumor initiation and differentiation were harvested in approximately 2 weeks of cultivation in a serum-free medium.[@b20-ott-8-3185] After that, to avoid the antagonistic effect of EGF on anti-EGFR MoAb, the concentration of EGF in each group was replaced with 0.2 μg/mL according to previous studies,[@b21-ott-8-3185] and then the corresponding treatment was added to the medium. After 72 hours treatment, interestingly, the combination-therapy group was the only one that significantly decreased the number of spheres compared with the control group (*P*=0.046), but the results were not distinguished from PP242 (*P*=0.07) or CTX alone (*P*=0.11). Moreover, the diameter was found to be significantly decreased in the group of combination treatment compared with single agent and control groups ([Figure 3C--F](#f3-ott-8-3185){ref-type="fig"}). Taken together, it seemed that the combination therapy of PP242 and CTX exerted the maximum efficacy against CSCs, which was potentially important for the treatment of colorectal cancer.

Combination of CTX and PP242 suppresses colorectal carcinoma xenografts
-----------------------------------------------------------------------

To verify the tumorigenic potential of CD44-positive CSC spheres, we first disintegrated the CSC spheres, and then injected them and the adhered cells separately into the nude mice in amounts of 10^3^, 10^4^, and 10^5^ cells (n=4 per group), respectively. The tumor formation rate of mice injected with 10^5^ CSC sphere cells was 100% (4/4) while there were no visible tumors with the adhered cells (0/4) (*P*=0.03), indicating the substantial tumorigenic attribution of CSC spheres ([Table 2](#t2-ott-8-3185){ref-type="table"}). To evaluate the treatment efficacy in vivo, we established the xenografts with Caco-2 cells and divided them into groups of control, PP242, CTX, and CTX plus PP242, respectively, once the tumor volume was achieved at approximately 150--200 mm^3^ sizes (n=4 per group). After 2 weeks of treatment, a significant difference in the volume of tumors was observed among the groups, and the anticancer efficacy was shown to be most prominent in the combination-therapy group. However, it was interesting to observe that there was a significant interaction between the treatment days and therapy strategies through two-way ANOVA analysis (*P*\<0.0001), and the synergistic efficacy of the combination therapy gradually increased as time went on. During the treatment progress, no significant difference was found in the body weight of the mice among all groups. Taken together, the results of the in vivo study further indicated the significant synergy of PP242 and CTX without a significant toxicity burden ([Figure 4A--C](#f4-ott-8-3185){ref-type="fig"}).

Discussion
==========

Personalized anti-EGFR treatment was found by several studies to be beneficial to mCRC patients, and was taken into clinical practice by multiple studies.[@b2-ott-8-3185],[@b22-ott-8-3185],[@b23-ott-8-3185] However, primary and acquired resistance to anti-EGFR MoAb remain the major problems that restrict survival improvement.[@b24-ott-8-3185],[@b25-ott-8-3185] It was demonstrated that MET expression could be enhanced during the anti-EGFR treatment process, which was an important reason for acquired anti-EGFR resistance in mCRC patients.[@b25-ott-8-3185] Of note, it was revealed that there was only limited survival improvement with the treatment of anti-EGFR MoAb for wild-type KRAS mCRC patients in either the first-line (median overall survival, 23.9 vs 19.7 months, *P*=0.17) or second line (median overall survival, 14.5 vs 12.5 months, *P*=0.37) setting by a recent study reporting the final results of the PRIME trial,[@b26-ott-8-3185] as well as by another large prospective controlled trial.[@b27-ott-8-3185] Finding out an anti-EGFR MoAb-based combination targeted therapy which could enhance the efficacy of anti-EGFR treatment alone is potentially important.

mTOR inhibitor has also been emphasized in the treatment of colorectal cancer in recent preclinical or clinical studies. Limited stage CRC patients were mostly received chemotherapy for adjuvant therapy until the disease was progressed, and some studies confirmed that the mTOR pathway would be overactive after chemotherapy, which was a major reason for tumor recurrence.[@b14-ott-8-3185] Moreover, it was interesting to observe the inhibition of CSC growth with the next-generation mTOR inhibitor[@b13-ott-8-3185],[@b14-ott-8-3185] or CTX alone,[@b21-ott-8-3185] but it is still unknown whether there is a synergic effect against CSCs when mTOR and EGFR are co-inhibited. Given the importance of mTOR pathway in the progression and recurrence of colorectal carcinoma, and the positive-feedback loops to EGFR following therapy with next-generation mTOR inhibitor, a combination of CTX and PP242 was a reasonable strategy which might bring benefit to mCRC patients.

Our study is the first to demonstrate the synergistic effect of anti-EGFR MoAb and PP242 on the inhibition of the growth, invasiveness, and proliferation of wild-type KRAS mCRC both in vivo and in vitro. Moreover, it was interesting to recognize that the combination of these two targeted agents could synergistically inhibit the growth of CSCs. Compared with single agents, the percentages of CD44-positive Caco-2-adhered cells were decreased significantly under the therapy of CTX plus PP242, and either the diameter or number of the spheroid CSCs was also decreased by the combination therapy. CSCs were demonstrated as a subset of tumors associated with the ability to give rise to all cell types found in a particular cancer sample. Given increasing evidences that CSCs play an important role in anti-tumor drug resistance, tumor initiation, tumor recurrence, metastasis, and cancer immunity, finding a promising targeted therapy against CSCs may provide clinical improvement to mCRC patients. Our study is the first to demonstrate the promising treatment efficacy against colorectal CSCs with the combination block of EGFR and mTOR, which was encouraging and potentially useful in clinical setting.

However, it was puzzling to observe from the results of MTT that there was a slight to medium antagonistic effect when the dose of PP242 and CTX was low (CIs \>1). The synergistic effect was most prominent when the dose spectrum was near the IC~50~ of PP242. The results reminded us that we should adapt an appropriate dose to achieve the best efficacy.

Combination target therapy for colorectal cancer was a focused issue in recent years. In this year, the addition of pertuzumab to trastuzumab and docetaxel resulted in great overall survival improvement (56.5 vs 40.8 months; hazard ratio, 0.68; 95% confidence interval, 0.56--0.84) for HER2-positive metastatic breast cancer as compared with the addition of placebo.[@b28-ott-8-3185] According to recent studies, of note, it was revealed a bypass of independence on original pathways through the activation of alternative RTKs.[@b29-ott-8-3185] However, the combination of CTX and IGFR inhibitor, and CTX plus brivanib which was a dual inhibitor of VEGFR and FGFR, both resulted in unsubstantial treatment efficacy with largely damaged health-related quality of life.[@b30-ott-8-3185],[@b31-ott-8-3185] Everolimus, a ramification of rapamycin, was administrated in combination with bevacizumab in a recent Phase I study.[@b32-ott-8-3185] Although modest activity against refractory mCRC patients was observed, it might lead to the risks of mucosal damage and/or reduced wound healing.[@b32-ott-8-3185] For mutant-KRAS patients, although both oral everolimus and EGFR tyrosine kinase inhibitor lapatinib could significantly inhibit the colorectal tumor growth in tumor xenograft model, only a slight increase in the efficacy was observed when receiving a combination strategy.[@b33-ott-8-3185] However, there is a lack of encouraging clinical evidences when it comes to the combinational block of EGFR and mTOR. Given the synergistic treatment efficacy of PP242 and CTX against wild-type KRAS CRC cells and the corresponding CSCs, the combination of CTX and PP242 is expected to be used for clinical trials in the future.
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![MTT analysis.\
**Notes:** MTT analysis of (**A**) Caco-2 and (**B**) HT-29 cell inhibition ratio across different concentrations of CTX and PP242, alone or in combination. For Caco-2 cells, the efficiency of combination treatment against cell growth in vitro could be distinguished from either agent alone. However, the inhibition ratio of combination treatment was significantly higher than PP242 alone (*P*=0.005) but not the CTX (*P*=0.334) alone for HT-29 cells. The concentrations labeled in the X-axes were the corresponding concentration of PP242 (nM) and/or CTX (μg/mL) in each group.\
**Abbreviations:** CTX, cetuximab; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ott-8-3185Fig1){#f1-ott-8-3185}

![The synergistical efficacy of CTX plus PP242 against proliferation and invasiveness of wild-KRAS CRC cells.\
**Notes:** (**A**) Colony formation assay of control group and Caco-2 cells treated with CTX and/or PP242. (**B**) The colony numbers in **A** were accounted and presented as mean + SD. The combination treatment showed the most prominent efficiency against colony formation when compared with other groups. (**C**) Caco-2 cells were seeded on a Matrigel-coated transwell membrane, and the treatment and analysis were similar to the colony formation assay. (**D**) The cell numbers invading through the membrane into the lower compartment of the chamber were counted as mean + SD.\
**Abbreviations:** CTX, cetuximab; CRC, colorectal cancer; SD, standard deviation.](ott-8-3185Fig2){#f2-ott-8-3185}

![The synergistic efficacy of CTX plus PP242 against cancer stem-like cells.\
**Notes:** (**A**) After 24 hours treatment, adhered Caco-2 cells were incubated with anti-CD44-PE and then analyzed by FACS. The combination of CTX and PP242 caused the largest reduction in the percentage of CD44^+^ cells. (**B**) Statistical analysis of the differences among the four treatment groups with regard to the percentage of CD44-positive adhered Caco-2 cells. (**C**) CD44^+^ Caco-2 cells were selected by FACS and were incubated with serum-free culture mediums. This is the representative figure of cancer stem-like spheres. (**D**) After 72 hours treatment of different strategies, the diameter and the number of Caco-2 spheres were measured. It was obvious to observe the reduced diameter with the combinational treatment of CTX and PP242. (**E** and **F**) Statistical analysis of the differences among the four treatment groups in terms of the number and the diameters of CD44^+^ Caco-2 spheres. The number of spheres was only decreased significantly in the combinational treatment group when compared with the control group, and the diameters of spheres of the combination-therapy group were significantly reduced compared with other groups after 72 hours' treatment of CTX and/or PP242. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** CTX, cetuximab; FACS, fluorescence-activated cell sorting; NS, no significance.](ott-8-3185Fig3){#f3-ott-8-3185}

![The efficacy of CTX plus PP242 against tumor xenografts.\
**Notes:** (**A**) After inoculation of Caco-2 cells, CTX (20 mg/kg) and PP242 (50 mg/kg) was injected into nude mice twice a week for 14 days. The body weight was measured every day, and the tumor volumes were analyzed. The treatment efficiency of CTX plus PP242 was distinguished from other groups, and the synergistic efficient was gradually increased as time went on. (**B**) The combination treatment had no significant effects on the body weight of mice during the treatments. (**C**) Representative figure of subcutaneous tumors from all groups. Tumors were most sensitive to the combination of PP242 and CTX when compared with other groups.\
**Abbreviation:** CTX, cetuximab.](ott-8-3185Fig4){#f4-ott-8-3185}

###### 

Combination index of different concentrations of PP242 and CTX

  Concentration of PP242 (nM)   Concentration of CTX (μg/mL)   Effect (Caco-2)   Effect (HT-29)   CI (Caco-2)   CI (HT-29)
  ----------------------------- ------------------------------ ----------------- ---------------- ------------- ------------
  50.0                          0.01                           0.15              0.08             1.54          1.80
  100.0                         0.1                            0.44              0.28             1.37          0.47
  300.0                         1.0                            0.60              0.43             0.30          0.76
  600.0                         10.0                           0.75              0.61             0.38          0.85
  1,000.0                       20.0                           0.77              0.69             0.48          0.87

**Abbreviations:** CI, combination index; CTX, cetuximab.

###### 

The oncogenicity of cancer stem-like cell spheres and adhered cells

  Cell number injected   Spheres   Adhered cells   *P*-value
  ---------------------- --------- --------------- -----------
  10^3^                  1/4       0/4             1
  10^4^                  3/4       0/4             0.14
  10^5^                  4/4       0/4             0.03
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